Thin films have been used for many applications. Hydrogen production from solar water splitting has been considered as a key solution to the energy and environmental issues. The tuned band gap alignments in metal chalcogenides/metal oxides heterostructure enable efficient separation of photogenerated electrons and holes, leading to the effective hydrogen production. We sensitize these structures by hydrothermal methods and evaluate the performance toward hydrogen generation. This work shows a brief overview of photoelectrochemical hydrogen production, progress and ongoing sprints. Here, different metal chalcogenides were deposited on metal oxides (TiO2 and Fe2O3) in order to improve the photoelectrochemical performance by reducing recombination of photogenerated electron-hole pairs and facilitate hole transport at the metal chalcogenides/metal oxides/electrolyte interface. The study includes chalcogenides/metal oxides heterostructure designs and electrochemistry and solar hydrogen generation are brought together, illustrating the promise and challenge of photoelectrochemistry.
INTRODUCTION
Thin film technology plays a key role in almost all the areas includes electronics, optical coatings, superconducting films, magnetic films, environmental & energy, heat prevention & corrosion resistance, super hard coatings and solar cells [1] [2] [3] [4] [5] . For example, chalcogenide thin films used in photovoltaic cells (as absorbing material) because of appropriate band gap and high absorption coefficient value. Thin film coating can be classified according to coating thickness. The thin films can have different properties compared to bulk material. Common processes in recent thin-film technology include vacuum based [6] [7] [8] [9] and non-vacuum based technology [10] [11] [12] [13] [14] .
History of thin films in ancient times: Thin-film science and technology is all together one of the ancient art and the latest science. The element or gold is the first metal discovered more than 11,000 years ago [15] . It was used for decoration, making ornaments, religious artefacts because of its soft nature and prominently for business (symbol of wealth). The first inorganic thin films were made of gold having thickness less than 300 nm thick made by mechanical pressing on artifacts which found in Egypt [16, 17] , Bulgaria [18] and Europe [19] close to 5000 BC years approximately. Examples of which are found in early stone pyramids in Egypt. After the invention of battery by Alexandrai Volta in 18 th century, deposition of thin films by electroplating was carried out.
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Thin film preparation in the ancient era: Thin film deposition by gas phase reaction (chemical vapour deposition) started in 1649, solution-gel process (sol-gel) in 1885 and thin film deposition in atmosphere at the end of 19 th century. However, the surface adhesion, roughness of the medium, the need of clean environment hindered processes to larger extent.
Evolution of vacuum technology:
The vacuum (derived from Latin word Vacuus, means empty space) science started in mid-1600 and most important achievement was by Italian mathematician and physicist Torricelli (1608-1647), who invented barometer for measuring atmospheric pressure and thus created vacuum [20] . In the year 1652, Otto von Guericke (1602-1686) of Germany invented a mechanical piston pump which could create a vacuum of 2 Torr [21, 22] . Today with the scientific and manufacturing advances, vacuum pumps can achieve an ultrahigh vacuum with in a minimum interval of time, which is inevitable for the clean thin film depositions [23] .
Modern thin film technology: The history in ancient times using gold beating and gilding for film preparation was not enough to complete because of the fact that surface preparation, cost and purity of gold, surface adhesion, reaction between metals used in the process (for example mercury as adhesion layers, copper etc.) should also be taken in to consideration. With the invention of vacuum pumps (mechanical pumps) in 17 th century, vapour phase deposition of thin films like sputtering in 1852, plasma enhanced chemical vapour deposition (CVD) in 1869 and evaporation in 1915 have started to dominate. The modern thin film technology addressed the generic issues using vacuum technology, crystallography, semi-conductor technology and surface science [23] .
Properties: The size effects in thin film greatly influence the noted properties of thin films namely electrical properties, mechanical and optical properties, as reported by many researchers [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . There are other important functional properties as well thin film can perform besides conventional properties.
The first and foremost experimental parameter to be measured for thin film materials is its thickness because thinfilm properties usually are governed by on thickness. Microelectronic applications as well as optical coatings applications require more accurate measurement of thickness.
Light beam interferometry and ellipsometry are the two basic and important optical methods for measuring film thickness. The quantities which can be measured from the above measurements are index of refraction, thickness of few nanometer layer coatings, optical transmittance, reflectivity and absorbance and hence the energy band gap etc. Thickness can also be measured using mechanical methods namely stylus profilometer and quartz crystal micro balance.
Optical properties: Transmission and absorption spectra provide a clear idea of estimating the refractive index, thickness and also extinction coefficient values in thin films (semi conducting, metallic and insulating also). In particular, calculation of band gap of materials is very easy after analyzing the optical properties of thin films.
Optical behaviour of a thin metal film: Optical properties also influenced by the film structure, which in turn depends on deposition conditions. The substrate temperature, deposition rate and type of substrate also influence film properties. Films deposited at low rates will have more granular nature and sometimes epitaxial growth may also occur as reported [34] .
Optical behaviour of a dielectric thin film: The optical behaviour of dielectric thin films is simpler than that of metal films. The dielectric thin films show lesser refractive index because of effects of granularity. After taking optical spectra of thin films, the refractive index, extinction coefficients and thickness can also be determined. If the bulk material is transparent at some wavelength, then its thin film counterpart will be much more transparent. Even a thin metal layer (Au) will become transparent to visible light. The optical constants that will be used as index of refraction, dielectric constant will be determined by Ellipsometry technique [35] , interference methods [36] and other.
Conductivity properties: The electrical conductivity in general for all materials is given by relation: σ = q.n.µ
with q, n, µ are charge, carrier concentration and mobility respectively. If one of the dimensions of material is reduced, then the carrier concentration may change if the films are so thin that the system is identically equal to two-dimensional gas. When the thickness of film comes to the same order as mean free path of charge carriers, then mobility µ is going to reduces and hence the conductivity reduces. Bulk wire of good conductors like Al or Cu wire having a cross-sectional area of 1 mm 2 , the maximum current density before it goes up in smoke is approximately a few 1.0 A/cm 2 . However, a thin layer having a cross-section of about 1 µm 2 can easily allow critical current density of greater than 10 5 A/cm 2 , which is many orders of magnitude unexpectedly higher than the bulk value, making it possible for their use in integrated circuit. This is because volume to surface ratio of a thin film wire allows a much better transport of the heat produced in the wire to the large heat sink called as "substrate" and to the environment. Electrical conductivity and hence resistivity can be measured by four probe measurement set up and more accurate carrier concentration by Hall Effect measurement for thin film.
Mechanical properties: It is well known that stresses exist even though films (during growth) are not externally loaded, called as residual or internal stresses. These stresses effect adhesion, defects, perfection and formation of unique film surface growths such as hillocks.
The elastic moduli properties arise from atom to atom interaction between which often same in bulk as well as in thin film form. However, if the thin film is in the order of atomic level, thin in other words, the bonding situation is rigorously disturbed and leads to altering the elastic properties between bulk and thin films elastic moduli [37] . For example, the hardness (yield strength) of thin films could be larger than bulk values [38] .
The reason will be as followed in taking in to consideration of many things. First one is dislocation density or the grain size. In case of thinner films, it is a bit of good news that they take lot of stress. It can also happen that film brittle in nature like Si can be deposited on silicon substrate in roll to roll deposition for many applications.
In case of nano structured thin films, mechanical properties namely elastic modulus and support very high residual stresses thin films. The same will be released through plastic deformation or thin film fracture. Both properties elastic and plastic deformation are important for thin film characterization.
Mechanical properties of thin film can be measured by tensile testing of free standing thin films and also by micro beam cantilever deflection technique. However, the easiest way is by means of nano indentation techniques, where no special sample preparation is required and tests can be executed speedily and economically favourable way [39] .
Functional properties of thin films: Energy is the extraordinary source of technological, scientific and economic development of any country. Assuring energy sources for the societies need and further growing requirement is the foremost challenges for the next decades. In the present electronic world, power requirements for portable electronics can be taken care by thin film. Thermo electric generators and thin film all solid state batteries because thin film can be deposited on any substrate irrespective of it shape. Thin film thermoelectric generators and thin film batteries are portable devices, which can support power requirements of portable electronics.
Electrochemical properties of thin films: Lithium-ion battery materials can have deposited in thin film form in sequential deposition and can be possible to fabricate a thin film battery. Cyclic voltammetry (CV) and galvanostatic charge discharge cycling are major electrochemical properties to be measured for thin film electrodes using electrochemical methods. The schematic of thin film battery is shown below. The schematic of thin film battery [40] is shown in Fig. 1 . The specific discharge capacity was calculated by using the following relation
where I is charge-discharge current, t is the discharge time, A is area and f is the thickness of the film. The higher is the specific capacity, the best is the electrode which can be used for solid state battery application [41, 42] . Cyclic voltammetry and galvanostatic charge discharge studies give evidence of electrochemical activity. Thermo electric properties of thin films: Thermoelectric devices [43, 44] contain many thermoelectric couples (Fig. 2) consisting of n-type thin films (containing free electrons as charge carriers) and p-type thin films (containing free holes as charge carriers) thermoelectric elements which are wired electrically in series and thermally in parallel.
Efficient utilization of solar energy could alleviate many energy and environmental issues in the coming years. Hydrogen, as a sustainable clean energy source, has attracted much attention over the past decade, because of high calorific potential, no waste production, recyclability and environmental- friendly property [45] . Since the discovery of the HondaFujishima effect, in a titanium dioxide (TiO2) photoelectrochemical (PEC) cell, use of semiconductors for photocatalytic water splitting has become an important topic in many research fields where clean and renewable hydrogen (H2) fuel can generated directly from solar irradiation [46] . Many effective photo catalysts have been developed; however, some of them only work in the ultraviolet (UV) region and few of them which having band gap around solar visible light but cannot have suitable band edge position for reducing water [47] . Fortunately, the semiconductor heterostructure provides a feasible method for integrating the merits of different materials into one single photoelectrode [48] . Due to their more suitable band edge positions than oxides and excellent performance for photocatalytic hydrogen production, some visible-light-responsive chalcogenides have been extensively studied [49, 50] . However, the chalcogenide suffers from the photo corrosion issue and to overcome this drawback, it is highly desirable to fabricate hierarchical nanostructures with different band gaps and appropriate band positions materials. Even though, many methods have already been reported for synthesis of metal chalcogenites/metal oxides [51] [52] [53] [54] , they suffer from poor photoelectrochemical (PEC) stability owing to the hole-induced selfoxidative decomposition of the chalcogenides. For efficient photoelectrochemical H2 evolution, efficient separation of the photogenerated electrons and holes is extremely important. This work reports to design, synthesize and evaluate a new metal oxide nanorod based chalcogenides photoanode material, which will have a superior combination of materials properties that will permit high efficiency tandem photoelectrochemical and improved stability of devices. Also we understand the phenomena and the charge transport mechanism happening in the surface modified heterostructure photoanodes used for solar water splitting.
EXPERIMENTAL
All photoelectrochemical experiments were conducted in a three-electrode system with the metal oxide coated ZT as the working electrode, platinum (Pt) wire as the counter electrode and silver/silver chloride (Ag/AgCl) as the reference electrode, using an approach as in an earlier work [55] . The photocurrent-voltage (J-V) curves were performed using a portable potentiostat (COMPACTSTAT.e, Ivium, Netherland) equipped with an electrochemical interface and impedance analyzer facility. A simulated one sun illumination (100 mW cm -2 ) using a solar simulator (Abet Technologies). The electrolyte consisted of 0.1 M Na 2 S and 0.02 M Na 2 SO 3 in deionized water. An air-tight three-electrode photoelectrochemical cell with an aqueous solution electrolyte, Ag/AgCl reference electrode and a Pt wire counter electrodes were used for gas chromatography. The optimized metal chalcogenides/metal oxide photoelectrode was used as working electrode and biased at 1.23V versus reversible hydrogen electrode (RHE). Before the light irradiation, N2 gas was purged through the photoelectrochemical cell for 1 h to complete the removal of the dissolved oxygen in the electrolyte. The amount of oxygen and hydrogen evolved from the photoelectrode and the Pt counter electrode were measured using gas chromatograph equipped with a thermal conductivity detector (TCD) and a molecular sieve 5 Å packed column.
RESULTS AND DISCUSSION
Fabrication of metal oxide nanorod (TiO 2 and Fe 2 O 3 ) thin film photoanodes: Titanium dioxide (TiO 2 ) nanorods and hematite (Fe 2 O 3 ) nanorods were synthesized on fluorine doped tin oxide (FTO) by a facile hydrothermal process according to the literature [56, 57] . However, metal oxide loaded ZnIn 2 S 4 / TiO 2 /FTO glass was prepared by a simple method as reported by Mahadik and co-workers [58] . Fig. 3(a,b) shows the field emission scanning electron microscopy (FESEM) image of the hydrothermally-prepared TiO 2 nanorod arrays and ZnIn 2 S 4 / TiO 2 (ZT). The top view shows that uniformly and densely packed, vertically-aligned TiO 2 nanorods which were further covered by continuous metal oxide loaded ZnIn 2 S 4 layer nanosheet. Fig. 3c indicates in the voids among the TiO 2 nanorods. This change in the surface morphology of ZT after the metal oxide coatings (TiO 2 , SiO 2 and Al 2 O 3 , further reported as TZT, SZT and AZT) may be responsible for the providing more surface area of electrode coming in contact with electrolyte, more scattering of light and hence, the enhanced absorption of the film. To study the effect of the type of metal oxides on the structure of ZT electrodes the photoelectrochemical performance was studied using a three-electrode system. Fig. 3d shows the photocurrent density-potential curves of pristine ZT, TZT, AZT and SZT. The photocurrent density of the SZT film was approximately 0.786 mA cm -2 , which is two times greater than that of pristine ZT (0.370 mA cm -2 ) and more than 1.5 times greater than that of TZT and AZT. The hydrogen evolution (Fig. 3e) linearly increased with the solar light irradiation time and the total amount of H2 produced by SZT was 96 µmol after 3 h (32 µmol h -1 ). The photostability of the photoanode was also investigated during the hydrogen production. Fig. 3f is schematic of charge transfer mechanism in metal oxide coated ZT photoanode. The potential difference of the conduction band edge of ZnIn2S4 and TiO2 transfers the photogenerated electrons from the conduction band (CB) of ZnIn2S4 to that of TiO2; then, the electrons migrate to the surface of the counter electrode where they can reduce H + to hydrogen. Alternatively, because of more positive valance band (VB) edge of TiO2 than that of ZnIn2S4, the holes in the valance band of the TiO2 transfer to ZnIn2S4 and react with the SO3 2- , S 2-ions in the electrolyte and produces the S2 2-and S2O3 2-ions [59] . Thus, in order to reduce the recombination losses in the ZT photoanodes, a metal oxide was coated onto the ZT. The main function of the metal oxide layer is to retard interfacial charge recombination [60] . Therefore, the deposited metal oxide acts as a barrier for the interfacial electron transfer, suppressing recombination and to increase the photocurrent [61] . Fabrication of CdS/Fe2O3 heterojunction thin film photoanodes: Mahadik and co-workers [62] have described the synthesis of CdS layer on one dimensional (1D) Zr:Fe2O3/ FTO by using hydrothermal method. The heterojunction between CdS and Fe2O3 nanorods is another promising strategy for the purpose to improve photoelectrochemical performance, which might be useful for effective way to harvest visible light and promote charge separation, leading to a high photocatalytic efficiency for hydrogen (H2) generation [63, 64] . However, despite the efficiency of the nanocomposite powder catalysts are still far from reaching industrial viability hence fabrication thin films of CdS/1D Zr doped Fe2O3 nanorod array (CdS/Zr: Fe2O3) on fluorine doped tin oxide (FTO) via facile hydrothermal route for synergistic study on photoelectrochemical performance is of great importance. To improve the stability and photoelectrochemical performance of CdS/Zr:Fe2O3 nanorod arrays heterojunction, a layer of Al2O3 was also deposited on the surface of a photoanode. The mechanism of photogenerated charge transport in CdS/1D Zr:Fe2O3 heterojunction and role of Al2O3 on CdS surface is also proposed. As shown in Fig. 4a , Zr:Fe2O3 nanorods (NR) are well aligned and vertically oriented to the surface of the FTO, whereas, CdS grains are decorated on a FTO shows smooth surface (Fig. 4b) . However, in CdS/Zr:Fe2O3 heterojunction, CdS flakes like structure forms on Zr:Fe2O3 nanorods (Fig. 4c) . This helps to efficient light absorption and transport of photogenerated charges by reducing the resistances occurred in CdS nanograins. Thus, CdS flake enlarges the surface area of flakes and leads to an improved charge transfer and thereby, the photoelectrochemical performance.
To study the origin of improved photoelectrochemical performance of heterojunction, the UV-visible absorption spectra were measured and as shown in Fig. 5a . It clearly, shows irregularly shaped fused CdS nanoparticles on FTO show a weak absorption intensity compared with Zr:Fe2O3. However, for the wavelength shorter than 500 nm, the absorption intensity of CdS/Zr:Fe2O3 heterojunction is more enhanced than the absorption edge of pristine Zr:Fe2O3. Thus, the absorption spectra of CdS/Zr:Fe2O3 heterojunction show the combined effect of both CdS and Zr:Fe2O3, which is helpful for the enhancement of photoelectrochemical performance. To confirm the effect of the Al2O3 concentration on the photoelectrocatalytic stability of CdS/Zr:Fe2O3 heterojunction, various concentrations of Al2O3 such as 5, 10 and 15 mM coated CdS/Zr:Fe2O3 heterojunctions. Fig. 5(b) shows the linear sweep voltammetric (LSV) scans of different concentrations of Al2O3 coated CdS/Zr:Fe2O3 heterojunctions. It is observed that the highest photocurrent density of 5.0 mA cm -2 for 10 mM Al2O3 loading. This increased photocurrent density for the coated Al2O3 surface over the uncoated Al2O3 surface is due to the decrease in the recombination of electron-holes and increased interfacial charge transfer at the photoelectrode/electrolyte interface [65] . Fig. 5(c) shows a comparison of the photocatalytic H2 production activities of the uncoated and Al2O3 coated CdS/Zr:Fe2O3 heterojunction photoanods. Al2O3 coated films exhibit an improved photoelectrochemical stability than uncoated CdS/Zr:Fe2O3. This is due to the co-catalyst (Al2O3) treatment plays a dual role: the passivation of surface states and the reduced charge recombination at CdS surface by effectively tunneling them in to electrolyte. When the photoanode is illuminated [ Fig. 5(d) ], the photoexcited electrons generated at Al2O3 and CdS were collected at the FTO substrate along the Zr:Fe2O3 nanorod arrays and then moved to the Pt electrode via the external circuit. At the same time, the photogenerated holes due to the presence of the Al 2 O 3 layer on CdS surface interact with the SO 3 2-and S 2-radicals in the Na 2 S/Na 2 SO 3 sacrificial reagent and produce S 2 O 3 2-and SO 4 2-ions [66, 67] . Thus, the remarkable improvement in the photocurrent of heterojunction thin films due to co-catalysts, however, further improvement of photostability is needed which will help to use these thin film for future solar energy conversion.
Conclusion
In summary, hydrogen generation via water splitting is a promising field, which has made great progress the last decades. The noble metal chalcogenides/metal oxides hybrid nanostructures were successfully synthesized via hydrothermal approach and the various deposition parameters (concentration, hydrothermal temperature and deposition times) were optimized as well. The hybrid nanostructures were immersed in solution containing different chemicals in order to stabilize the samples. One of the advantages with TiO 2 and Fe 2 O 3 nanorods in general is its photoelectrochemical stability.
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